Introduction
Polyhydroxyalkanoates (PHA) are a family of polyesters naturally synthesised by a wide range of bacteria and archaea. PHA accumulates as intracellular granules and act as a carbon and energy storage during unfavourable conditions. Additionally, PHA have similar mechanical characteristics to oil-derived plastics with the added benefit of being 100% biodegradable and synthesised from renewable carbon sources, and thus they have attracted attention as a possible green alternative to conventional plastics. High production costs and inconsistent PHA structure and properties, leading to difficulties in processing the biopolymer into finished goods, are among the main challenges which must be faced if PHA is to become a widely used material and a possible replacement for conventional plastics (Laycock et al. 2014a; Sudesh et al. 2000; Wang et al. 2014 ). Significant efforts have been made to use a variety of waste streams as a carbon source for PHA production in order to decrease the production costs (Bhattacharyya et al. 2014; Chen et al. 2006; Hermann-Krauss et al. 2013; Pais et al. 2016) . PHA structure has been altered by the use of different substrates and precursors (Lee et al. 2008; Obruca et al. 2010) and by genetic engineering (Meng et al. 2012; Tan et al. 2014) . Physiological conditions such as pH, oxygen levels and nutrient limitation influence polymer accumulation and have been identified as important variables to enhance polymer quality (Singh et al. 2015) . Thus, from a bioprocessing perspective, it is important to study the relationship between culture conditions and PHA structure in order to develop robust production systems and ensure product quality and process reproducibility.
The extreme haloarchaea Haloferax mediterranei has a remarkable potential for the biotechnological production of PHA. H. mediterranei requires high salt concentrations for growth, with a tolerance range from 100 to 350 g/L total salts (Rodriguez-Valera et al. 1980) . The growth of non-halophilic microorganisms is inhibited in such an environment, and thus minimal sterility conditions are required. These low sterility requirements make an H. mediterranei-based bioprocess potentially very attractive for future large-scale production as they vastly reduce the complexity of sterilisation and cleaning operations, decreasing the amount of steam and energy required for the fermentation process as a whole. As a result, the risk of costly disruption to production due to contamination is effectively eliminated with this halophilebased process. Intracellular PHA can be easily released to the surrounding environment by osmotic shock with distilled water, reducing the large amount of organic solvents commonly used when isolating PHA from other microorganisms and simplifying downstream processing operations (Oren 2010; Quillaguamán et al. 2010; Yin et al. 2015) .
H. mediterranei can accumulate up to 70% polymer under optimal conditions and utilise different renewable substrates for growth. The microorganism naturally accumulates the PHA copolymer PHBV without the addition of precursors into the media (Bhattacharyya et al. 2014; Don et al. 2006; Hermann-Krauss et al. 2013) . PHA copolymers like PHBV are more industrially attractive than pure PHB because of the enhanced mechanical properties such as decreased stiffness and brittleness, increased flexibility, tensile strength and toughness (Laycock et al. 2014b ). The natural accumulation of PHBV from structurally unrelated carbon sources represents an advantage over other PHA producing microorganisms because HV precursors such as propionic acid and valeric acid are expensive and often toxic for the cells (Tan et al. 2014) .
Nutrient limitation has been often used as a key parameter to optimise PHA production in a number of different microorganisms (Cavaillé et al. 2013; Koller et al. 2008; Quillaguamán et al. 2006; Riedel et al. 2012; Urtuvia et al. 2014; Valappil et al. 2008) . Under unfavourable growth conditions of excess carbon and depletion of an essential nutrient such as nitrogen, phosphorous or oxygen, cells start to metabolise the excess substrate into PHA granules. These granules act as a carbon and energy storage, and once the environment is favourable to cell growth again, the accumulated PHA is degraded. Limited information has been published regarding the effect of nitrogen limitation in PHA production using H. mediterranei. Fernandez-Castillo et al. first reported that the haloarchaea accumulated up to 17% poly(3-hydroxybutyrate) (PHB) when the carbon concentration was substantially higher than the nitrogen concentration; however, Lillo and Rodriguez-Valera concluded that phosphorous limitation, rather than nitrogen, had a stimulating effect on PHA production. In another study, Cui et al. suggested that nitrogen deficiency may also induce polymer synthesis (Cui et al. 2016; Fernandez-Castillo et al. 1986; Lillo and RodriguezValera 1990) . Discrepancies between reports suggest an indepth study of nitrogen concentration on PHA production is deemed required.
H. mediterranei has a versatile nitrogen metabolism and can utilise different forms of organic and inorganic nitrogen for growth, from complex molecules and amino acids to ammonium, nitrate and nitrite (Martínez-Espinosa et al. 2007) . Under aerobic conditions, these molecules serve as nitrogen sources, but in the absence of oxygen, nitrate and nitrite also act as final electron acceptors in the process known as denitrification (Cabello et al. 2004; Lledó et al. 2004; Martinez-Espinosa et al. 2001) . Several biochemical, genetic and transcriptomic studies have been performed to understand the behaviour of the haloarchaea in oxic and anoxic conditions in the presence of different nitrogen sources such as nitrate, nitrite, ammonium or amino acids, and detailed information can be found elsewhere (Bonete et al. 2008; Torregrosa-Crespo et al. 2016 ). Esclapez et al. studied the influence of nitrogen source on H. mediterranei growth, but no information was reported on its effect on PHA production and composition (Esclapez et al. 2014) .
The aim of this work is to study the correlation between culture conditions, namely nitrogen source and concentration and PHBV production and composition in H. mediterranei. Growth kinetics, PHBV synthesis and composition were initially characterised in ammonium and nitrate salts. Nitrogen limitation was achieved by testing different C/N molar ratios, and the effect of reduced amounts of nitrogen on cell growth, PHBV production and composition was observed. Results highlight the importance of controlling culture conditions such as nitrogen source and concentration in order to obtain a biopolymer with consistent composition. The study shows for the first time the kinetics of copolymer formation, the influence of nitrogen source on PHBV composition and the viability of using nitrate, an environmental pollutant, as a potential nitrogen source for PHA production.
Materials and methods

Bacterial strain and cultivation conditions
H. mediterranei DSM 1411 was obtained from the Leibniz Institute DSMZ (Germany). The microorganism was initially grown in a marine salt (MS) medium with 10 g/L glucose and 5 g/L yeast extract and stored at −80 °C in vials containing the same media and supplemented with 20% (v/v) glycerol. The seed culture was grown in shake flasks for 48 h at 37 °C and 200 rpm with the media previously mentioned. The culture was centrifuged at 7000 rpm for 5 min, the supernatant was discarded, and the cell pellet was resuspended in the synthetic fermentation medium to an initial OD600 of 0.6. The cells were cultivated in 1-L shake flask with 200 mL minimal medium for 168 h at 37 °C and 200 rpm. Two sets of experiments, A and B, were performed under the same conditions using ammonium or nitrate salts but with differing initial nitrogen concentrations in the media: in experiment A, cells were grown under surplus nitrogen conditions with a C/N ratio of 8 thus 0.55 g/L of nitrogen were added, while in experiment B the nitrogen concentration was reduced to 0.27, 0.14 or 0.11 g/L to achieve C/N ratios of 17, 34 and 42, respectively. Duplicates were performed for all experiments. Additionally, the experiments were run under non-sterile conditions as the growth of other non-halophilic microorganisms is inhibited at the salt concentration used. Tests for contamination were performed by streak plating the flask content at the end of each run and visually checking the identity of colonies formed, as well as by regular microscopic observations.
The 
Analytical methods
Cell growth was monitored by means of optical density measurements at 600 nm (OD600) and dry cell weight (DCW). Samples for OD were washed with 10% NaCl solution before measurements. DCW was calculated gravimetrically using 2 mL of cell culture. After centrifugation, samples were washed with 10% NaCl solution, and the procedure was repeated again but with distilled water. Samples were dried at 80 °C to constant weight. pH was measured with an inLab Routine pH electrode filled with 3 M KCl due to the high salinity of the medium.
Glucose was quantified in the cell-free supernatant with high-performance liquid chromatography (HPLC) with an Aminex HPX-87H (Biorad) column coupled to a refractor index (RI) detector. The mobile phase was 5 mM sulphuric acid at a flow rate of 0.6 mL/min, and the operating temperature was set to 50 °C. The same HPLC system coupled to UV detector was also used to detect organic acids in the fermentation broth. Total organic carbon (TOC) and total nitrogen (TN) were analysed using a TOC-V CSH analyser coupled with a TNM-1 unit (Shimadzu, Japan). Quantification was performed in comparison with standards.
PHA composition and content was measured by gas chromatography (GC). A calibration curve with methyl (R)-3-hydroxybutyrate and methyl (R)-3-hydroxyvalerate (Sigma-Aldrich) containing 0.5 g/L benzoic acid as an internal standard was constructed. The DCW samples were treated with 2 mL chloroform with internal standard and 2 mL of acidified methanol (containing 15% sulphuric acid) at 100 °C for 140 min. The samples were left to cool to room temperature before adding 1 mL water and vortexing for 1 min. After separation, the bottom organic phase was analysed using GC equipped with 30 m × 0.25 mm × 0.25 µm SGE BPX70 capillary column and a flame ionisation detector (FID) or mass spectrometry (MS). Helium was used as a carrier gas with a flow rate of 33.2 mL/min and a split ratio of 10:1. The following temperature profile was used: initial temperature 100 °C for 3 min, 25 °C/min to 200 °C, 30 °C/ min to 220 °C and 220 °C for 2 min.
PHA molecular weight was obtained with Viscotek GPC/SEC system equipped with 2 PLgel mixed-B columns and an RI detector. The solvent used was chloroform at a flow rate of 1 mL/min and the operating temperature was set to 35 °C. Quantification was performed in comparison with polyester standards.
Calculations
The following calculations were performed with the data obtained from experiment A and B.
The PHA accumulation (%PHA) is calculated with Eq. (1): where [PHA] is PHA concentration and [DCW] is dry cell weight concentration.
The HV fraction in the polymer is determined using Eq. (2): where [HV] is 3-hydroxyvalerate fraction found in PHA.
The C/N-limiting molar ratio for ammonium and nitrate cultures was calculated by the linear regression slope of TOC and TN values obtained from cultures from experiment A grown in surplus nitrogen. At least four different points were used for the calculation with all R 2 values higher than 0.97.
The specific PHA accumulation rate (q PHA) was taken as the linear regression slope of PHA concentration over time. At least three different time points were used for the calculation with all R 2 values higher than 0.97. The biomass yield (Y X/S ) and PHA yield (Y PHA/S ) are calculated with Eqs. (3) and (4): where ΔX, ΔPHA and Δglucose are the concentration of biomass generated (g/L), polymer generated (g/L) and glucose consumed (g/L), respectively, for a specific time point. The biomass concentration (X) was calculated by the difference between DCW and PHA concentrations.
Statistical analysis
Analysis of variance (ANOVA) with two factors (nitrogen source: ammonium or nitrate salts) at five different levels (carbon-to-nitrogen molar ratio: 8, 17, 25, 34, 42) with a significance level of 0.05 was used to determine if the results were statistically significant.
Results
Characterisation of cell growth, PHBV production and copolymer composition with nitrate and ammonium salts
In experiment A, H. mediterranei was cultivated in shake flasks for 168 h in minimal medium with 0.55 g/L nitrogen added as ammonium or nitrate salts. The nitrogen concentration tested was equivalent to that commonly found in
complex media with 5 g/L yeast extract, taking into account that yeast extract contains approximately 11% total nitrogen. Figure 1 shows the time course of cell growth, pH, carbon and nitrogen consumption and PHBV production for ammonium and nitrate cultures. The ammonium culture reached a maximum optical density of 13.8 after 96 h of cultivation. Cell growth is accompanied by a decrease in carbon and nitrogen concentration with the final carbon concentration being equivalent to the amount of carbon found in PIPES buffer, indicating complete glucose consumption. PHBV production occurs concurrently with the growth phase and the maximum polymer accumulation is observed at the end of cell growth. PHBV degradation was not observed during the culture's stationary phase, probably due to the acidic nature of the media (see discussion). The cultures grown in nitrate salt demonstrated a similar behaviour, though with slower cell growth. The maximum cell density and PHBV production were also reached at the end of the growth phase after 144 h of cultivation. The substrate was completely consumed and the pH of the media became slightly alkali.
The copolymer PHBV was produced from glucose without the addition of any precursors with a representative molecular weight of 210.78 Da and a polydispersity index of 3.44. The polymer composition varied with the nitrogen source and the fermentation time. Figure 1 shows PHB synthesis started after 24 or 48 h of cultivation for ammonium or nitrate cultures respectively and continued until the cells entered the stationary phase due to the exhaustion of the carbon source. The HV fraction was initially detected midway through the growth phase and poly(3-hydroxyvalerate) (PHV) was concurrently synthesised with PHB for 24 h, after which the concentration of the HV fraction remained stable at 0.11 g/L. The ammonium culture entered the stationary phase at the end of the PHV production window after 96 h of cultivation, generating a polymer with 16.9 mol% PHV. The nitrate culture reached the end of the PHV production window after 120 h of cultivation, and the intracellular accumulated polymer had an HV fraction of 13.9 Fig. 1 Time course of PHA concentration, OD600, TOC and pH of H. mediterranei grown at C/N ratio of 8 with surplus nitrogen conditions in minimal medium with ammonium salt (a, solid symbols) and nitrate salt (b, open symbols). Optical density (OD600) (squares), total organic carbon (TOC) (circles), total nitrogen (TN) (triangles), pH (diamonds), dark column 3-hydroxyvalerate (HV) fraction, light column 3-hydroxybutyrate (HB) fraction mol%; however, the percentage decreased over time due to the continuous accumulation of PHB. At 168 h, after complete glucose consumption, the PHA from the nitrate culture contained only 12.5 mol% PHV. Table 1 contains the calculated fermentation metrics for the cultures grown in ammonia and nitrate salts. The difference in cell growth observed in Fig. 1 is reflected in the maximum specific growth rate (μ max ) of 0.054 and 0.033 1/h for ammonium and nitrate cultures, respectively. The final DCW generated in ammonium cultures was 11.3 g/L, nearly twice as much as the 6.4 g/L from the nitrate culture. However, the PHA concentration in nitrate flasks was higher than with ammonium salt, and consequently, the PHA accumulation was also greater: cells grown in nitrate harboured 9.3% PHA, while cells grown in ammonium only contained 4.6% PHA. The ammonium culture showed a higher biomass yield of 1.39 in comparison with 0.65 for nitrate salts, indicating that biomass formation with nitrate is more energy demanding. The total PHA yield was found to be similar in both cases, 0.08 for ammonia and 0.09 for nitrate.
Determination of the theoretical C/N-limiting molar ratio
Experiment A was designed to provide a non-limiting nutrient environment to the cells, and results from Fig. 1 show that cultures reached stationary phase due to complete glucose exhaustion. During the growth phase, a linear relationship between the carbon and nitrogen consumption was observed, and this correlation was taken as the theoretical C/N molar ratio required for cell metabolism. For cultures grown with ammonium the theoretical C/N-limiting molar ratio was determined as 12, and for nitrate cultures was determined as 14. At lower C/N ratios nitrogen will be in excess, while at higher C/N ratios the cells will encounter nutrient-limiting conditions. The flasks in experiment A had a C/N molar ratio of 8, below the theoretical C/N-limiting molar ratio calculated and therefore can be used as a reference for the culture behaviour in excess nutrient conditions.
Characterisation of cell growth, PHBV production and copolymer composition under nitrogen-limiting conditions
In experiment B, C/N molar ratios of 17, 25, 34 and 42 were tested to study the effect of nitrogen limitation on cell growth, PHBV production and composition. To achieve the desired C/N ratio, the amount of carbon was kept constant by maintaining an initial glucose concentration of 10 g/L, while the amount of nitrogen was reduced by decreasing the amount of ammonium or nitrate salts. Figure 2 shows the time course of cell growth, pH, carbon and nitrogen consumption and PHBV production for ammonium and nitrate cultures with different C/N molar ratios. In general, an increase in cell density correlated with a decrease in carbon and nitrogen concentration as observed in experiment A. At a number of the conditions tested, the nitrogen concentration stabilised before the end of the fermentation period and before the complete carbon consumption occurred, thus indicating that all the available nitrogen was consumed and the cultures entered a nitrogen limitation stage. The residual nitrogen detected corresponds to the amount found in PIPES. Nitrogen limitation was achieved in ammonium cultures with C/N of 25, 34 and 42 after 48 h of cultivation (Fig. 2c, e, g ), while in nitrate cultures nitrogen limitation was observed after 96 h of cultivation in cultures with C/N of 34 and 42 (Fig. 2f, h ) and after 120 h for C/N 25 (Fig. 2d) . These cultures reached lower cell densities, Table 1 Fermentation metrics for cultures grown in ammonium or nitrate salts with different C/N molar ratios after 168h of cultivation: specific growth rate (μ max ), PHA concentration ([PHA]), biomass generated (ΔX), PHA accumulation (%PHA), HV fraction in PHA (%HV), biomass yield (Y X/S ), PHA yield (Y PHA/S ) and specific PHA production rate (q PHA). Nitrogen limitation was observed with C/N of 25 or higher Nitrogen source C/N molar ratio Figure 2 shows how PHA concentration continued increasing over time regardless of the nitrogen availability in the media. The polymer composition varied with the nitrogen source used, the fermentation time and the C/N ratio. PHBV copolymer was detected in all the flasks with the exception of the ammonium culture with C/N of 42 (see Fig. 2g ), where only PHB was produced. Cultures with lower C/N ratios produced a polymer richer in PHV. Similar to the results obtained in experiment A, PHB synthesis started after 24 or 48 h of cultivation for ammonium and nitrate cultures, respectively, and continued until the end of the experiment since carbon was still available in the media. A delay in PHV synthesis was observed with increasing C/N ratios. For ammonium cultures, the HV fraction was initially detected after 72 h of cultivation for C/N of 17 and 25; HV appeared after 120 h of cultivation for the culture with a C/N of 34 and was non-existent for the culture with the lowest initial nitrogen concentration. A similar pattern was observed in nitrate cultures: the HV fraction was only detected after 96 h of cultivation for all the conditions tested with the exception of the culture with a C/N of 42, where HV appeared after 120 h. In all cases, during the synthesis of the HV fraction, an increase in PHB concentration was also detected.
The fermentation metrics shown in Table 1 indicate that nitrogen limitation had a strong negative effect on biomass proliferation in ammonium cultures. Cultures with higher C/N ratios showed slower cell growth (μ max ), and subsequently less DCW was quantified at the end of the fermentation. For example, the culture with C/N 17 was characterised by μ max of 0.054 h −1 and DCW of 11.1 g/L, and these numbers were reduced to 0.046 h −1 and 3.9 g/L, respectively, for the culture with a C/N of 42. The concentration of polymer found in the flasks decreased with decreasing nitrogen concentration. However, polymer accumulation increased with increasing C/N from 4.8% for the culture with C/N of 17 to 6.6% for the culture with C/N of 42 due to the cessation of biomass proliferation and the continuous PHA synthesis. Nitrate cultures were less affected by the nitrogen deficiency in the medium, and no significant differences were observed in terms of cell growth, biomass generated or PHA accumulation. The biomass yield was greater in ammonium cultures and decreased in cultures with nitrogen limitation. The PHA yield was similar in both cases, though there was a small increase in nitrate cultures with higher C/N, indicating that the cells were directing more carbon into PHA formation.
Discussion
Characterisation of cell growth, PHBV production and copolymer composition with nitrate and ammonium salts
The behaviour of H. mediterranei grown in a synthetic medium with ammonium or nitrate salts as nitrogen source was initially studied in experiment A; see . Ammonium cultures were also more efficient in the generation of new biomass as indicated by a higher biomass yield of 1.39 in comparison with the 0.65 obtained for nitrate. The different metabolic routes involved in ammonium and nitrate assimilation could explain some of the differences observed in cell growth and biomass formation. Ammonium is the preferred nitrogen source for H. mediterranei (Martínez-Espinosa et al. 2007 ) and its assimilation is rapid as it only involves transport into the cell. Once inside the cell, ammonium is used for the synthesis of proteins, nucleic acids and other macromolecules (Bonete et al. 2008) . Under aerobic conditions, nitrate can also be used as a nitrogen source in a more energy-demanding process because it is first converted into ammonium. Two extra enzymatic reactions are involved in this process: a nitrate reductase (Nas) transforms nitrate into nitrite and then a nitrite reductase (NiR) converts nitrite into ammonium (Martínez-Espinosa et al. 2007 ). The lower biomass yield and growth rate obtained in nitrate cultures are thus in agreement with the more complex and energy-demanding metabolic processes associated with nitrate assimilation: cells grown in nitrate required more glucose to generate the same amount of biomass than in ammonium cultures and the reduction step from nitrate to ammonium could explain the slower cell growth.
The time course of cell growth and polymer concentration in Fig. 1 suggest that PHA production occurred concurrently with cell growth: the synthesis of PHA started at the beginning of growth phase and reached the highest concentration after the cells consumed all available glucose and entered the stationary phase. Figure 3 shows the linear correlation between cell density and PHA concentration, confirming that PHA production is growth associated. Two different sets of data points can be observed in the figure, and for a given cell density the PHA concentration in the cultures fed with nitrate was higher than in the cultures grown in ammonium. The statistical analysis of the fermentation metrics in Table 1 for C/N molar ratio of 8 revealed that polymer concentration and PHA intracellular content in cells fed with nitrate is significantly higher than in ammonium: at the end of the experiment, nitrate cultures generated 0.80 g/L PHA and the PHA content inside the cell was 9.3%, while in ammonium the polymer concentration was 0.63 g/L and cells contained 4.6% PHA. The biopolymer production obtained is comparable to literature values reported under similar conditions, i.e. batch flask fermentations (Lu et al. 2008; Hou et al. 2015; Han et al. 2010) . As expected, higher PHA production have been obtained with fed-batch bioreactor fermentations and media with hydrolysates (yeast extract, peptone or casamino acids) (Poli et al. 2011) due to the more precise control of physiological conditions such as dissolved oxygen and pH and the supplementation of the culture with micronutrients and growth factors. However, the use of hydrolysates introduces variability as its composition is unknown, thus making it unsuitable for this study. In this case, it was necessary to work with a completely defined synthetic media to be able to precisely control C/N ratio to predetermined values and consequently correlate changes in PHA production and composition with nitrogen source and concentration.
The specific PHA production rate for nitrate is comparable to ammonium cultures, 0.0081 vs 0.0099 g/Lh, respectively (see Table 1 ), indicating that PHA is produced in similar quantities in both cases. However, the nitrogen source affects biomass formation, as previously discussed, and nitrate cultures grow considerably slower than ammonium ones. The combination of these two factors, a longer growth phase in nitrate and a similar PHA production rate, could explain the higher polymer accumulation observed in nitrate cultures.
Interestingly, PHA concentration in ammonium cultures remained stable during the stationary phase. Although some nitrogen was still available in the media, cells did not use the accumulated polymer as a carbon source for cell growth. The low pH of the media at the end of the growth phase could have prevented PHA degradation as it has been observed that pH values lower than 5 inhibit H. mediterranei growth (data not shown). The supernatant of the ammonium cultures was analysed by HPLC to detect the formation of organic acids from glucose, but unlike previously reported (Oren and Gurevich 1994) none were quantified. Since the acidification of the media was only observed in ammonium cultures, the pH drop could be attributed to the release of a proton when ammonium is used as ammonia by the cells as suggested in the literature (Lorantfy et al. 2014) .
H. mediterranei produced the PHA copolymer PHBV from glucose without the addition of any precursors. PHBV from H. mediterranei typically contains around 10% HV (mol fraction) regardless of the carbon source used Don et al. 2006; Hermann-Krauss et al. 2013; Koller et al. 2007 ). Higher HV contents have been only obtained with the addition of HV structurally related precursors such as propionic acid or valeric acid (Bhattacharyya et al. 2014; Han et al. 2015) , which are expensive and often toxic for the cells. However, in the present study, PHA polymers with higher HV content were obtained from glucose. PHAs with higher HV content are industrially desirable as they have enhanced mechanical characteristics (Singh et al. 2015) . The results show that the HV fraction can be altered with the nitrogen source used: the PHA from ammonium grown cells contained 16.9 mol% HV, a result statistically different from the 12.5 mol% HV obtained in nitrate cultures. Figure 1 shows that copolymer formation is not a uniform process: PHBV synthesis was only detected after 48 h of the initiation of PHB accumulation, the PHV production window lasted for 24 h, and its concentration remained stable at 0.11 g/L until the end of the fermentation regardless of the nitrogen source used. Thus cells only start to incorporate HV units at mid-growth phase after the PHB synthesis has started, and PHV and PHB accumulation occur concurrently. This result suggests that the composition of the PHA granules is not uniform. Han et al. state that the main generators for the synthesis of propionyl-CoA, the PHV precursor, from glucose are the citramalate/2-oxobutyrate pathway and the 3-hydroxypropionate pathway (Han et al. 2013 ), but its regulation has not been yet elucidated.
Characterisation of cell growth, PHBV production and copolymer composition under nitrogen-limiting conditions
The theoretical C/N-limiting molar ratio for ammonium and nitrate cultures was determined as 12 and 14, respectively, and based on this result C/N molar ratios of 17, 25, 34 and 42 were tested in experiment B. Nitrogen limitation was identified by the stabilisation of nitrogen concentration in the media and linked to the reduction of PHA production rate, cell growth and carbon consumption. At the time of nitrogen limitation, the cell density and biomass found in the culture were similar, indicating that lower nitrogen concentrations did not have any effect on the initial cell growth. The time difference observed between the two nitrogen sources could be a reflection of different cell metabolism. Ammonium cultures grew quicker as shown by the higher specific growth rate, have a higher carbon consumption for biomass production as observed with the greater biomass yield and also have a higher nitrogen consumption as reflected by the lower theoretical limiting C/N ratio. Therefore, ammonium cultures were expected to reach nitrogen limitation at an earlier stage than nitrate cultures. No limiting conditions were observed with cultures grown with a C/N ratio of 17, probably because nitrogen limitation occurred at a similar time to complete carbon consumption. Table 1 shows how the lack of nitrogen was responsible for the reduction in the biomass generated, especially in ammonium cultures. The biomass grown in the presence of nitrate was less affected by nitrogen deficiency due to the slower cell growth. In both cases, PHA concentration decreased with increasing C/N but did not stop: Fig. 2 shows how PHA synthesis continued even though the culture had reached limiting conditions. As a consequence of the continuous PHA production and the halt on biomass proliferation, the percentage of accumulated polymer inside the cells increased with increasing C/N. To clarify whether nitrogen deficiency induced polymer synthesis, the PHA production rate was calculated for each culture condition; see Fig. 4 . During the first hours of cultivation, H. mediterranei started synthesising polymer at 0.0099 g PHA/hL in cultures grown in ammonium and at 0.0081 g PHA/hL in cultures fed with nitrate. Since PHA production is growth associated and all the nitrate and ammonium cultures had a similar cell density before reaching limiting conditions, no differences in the PHA production rate were initially observed among the cultures with different C/N molar ratios. However, once the nitrogen was depleted and thus biomass proliferation stopped, the PHA production rate decreased drastically with increasing C/N, especially in ammonium cultures. The results suggest that some residual nitrogen is probably required for cell maintenance.
The copolymer PHBV was detected for all the conditions tested, with the exception of the ammonium culture with C/N molar ratio of 42, where only PHB was produced. PHBV composition varied not only with the type of nitrogen source, as seen in experiment A, but also with the C/N ratio. Table 1 shows how cultures produced a copolymer richer in PHV when grown under non-limiting conditions or with C/N molar ratios close to limiting and how the HV fraction was reduced under nitrogen scarcity conditions. In Fig. 2 , it can be observed that HV synthesis was delayed with respect to the onset of HB production, and while HB synthesis was detected at the beginning of the growth phase, HV production only started midway through the growth phase. Interestingly, ammonium cultures entered the nitrogen starvation phase before HV synthesis in all conditions tested, and although this fact could explain in part why the polymer composition shows more variability in ammonium than in nitrate, it did not stop PHV synthesis. Conversely, cells supplemented with nitrate started to produce PHV before or at a similar time than nitrogen depletion. Therefore, results suggest that PHV production is independent of nitrogen concentration in the media. However, Fig. 5 shows that a minimum amount of PHB has to be initially accumulated by the cells before PHBV synthesis starts. This threshold of 0.40-0.45 g/L PHB seems to be independent of the nitrogen source used and could explain why the ammonium culture with C/N ratio of 42 only accumulated PHB.
Conclusions
The present work sheds new light on the impact of culture conditions, specifically the nitrogen source and the nitrogen concentration, on PHBV production and copolymer composition in H. mediterranei. Ammonium and nitrate salts at different C/N molar ratios were tested in this study, showing for the first time the feasibility of nitrate as a nitrogen source for PHA production. Cell growth and PHA synthesis occur more rapidly in ammonium, but the final PHA concentration and accumulation are higher in nitrate. When cells are grown in a non-nutrient limiting environment, PHA synthesis is growth associated, and the maximum amount of PHA is obtained at the end of the growth phase. When the cells encounter a nitrogen-limiting environment, biomass proliferation is negatively affected and cells accumulate PHA at a slower rate. Under these conditions, the PHA concentration decreases with increasing C/N molar ratios but the percentage of PHA accumulated intracellularly follows the opposite trend. Therefore, nitrogen limitation is a good strategy to increase polymer accumulation, but higher PHA concentrations are obtained under favourable growth conditions. H. mediterranei produces the copolymer PHBV, the composition of which not only varied with the nitrogen source but also with the initial C/N ratio. The highest HV molar fraction of 16.9% was observed in ammonium cultures under non-limiting conditions. More importantly, the results obtained show for the first time that copolymer formation is not a uniform process since the HV fraction was initially detected after a minimal PHB accumulation of 0.45 g/L, and the PHBV synthesis only lasted for a maximum of 48 h. The findings of this work indicate that the nitrogen source and its concentration are of great importance for the production of PHBV with homogeneous composition and will contribute towards the development of novel strategies for the synthesis of biopolymers with more uniform material properties.
